Individuals naturally vary in the severity of infectious disease when exposed to a parasite. Dissecting this variation into genetic and environmental components can reveal whether or not this variation depends on the host genotype, parasite genotype or a range of environmental conditions. Complicating this task, however, is that the symptoms of disease result from the combined effect of a series of events, from the initial encounter between a host and parasite, through to the activation of the host immune system and the exploitation of host resources. Here, we use the crustacean Daphnia magna and its parasite Pasteuria ramosa to show how disentangling genetic and environmental factors at different stages of infection improves our understanding of the processes shaping infectious disease. Using compatible host-parasite combinations, we experimentally exclude variation in the ability of a parasite to penetrate the host, from measures of parasite clearance, the reduction in host fecundity and the proliferation of the parasite. We show how parasite resistance consists of two components that vary in environmental sensitivity, how the maternal environment influences all measured aspects of the within-host infection process and how host-parasite interactions following the penetration of the parasite into the host have a distinct temporal component.
INTRODUCTION
Infectious disease is inevitably a product of both host and parasite genomes, with studies increasingly highlighting how host and parasite genotypes influence both the onset and severity of infectious disease (G P Â G H ; [1] [2] [3] [4] [5] ), as well as how the environment may modify these interactions (G P Â G H Â E; [6, 7] ). An important challenge for studies of infectious disease, however, is to not only identify the genetic and environmental basis of the symptoms of infectious disease, but also how these patterns are related to the multiple steps involved in the process of infection. This process begins with behavioural and life-history adaptations that allow animals to reduce the likelihood of infection, followed by the external barriers, such as the cuticle, that physically prevent parasites from entering the host (e.g. pre-infection defences, see table 4.1 and references therein [8] ). Much of the complexity of host-parasite interactions is expected in the subsequent within-host phase of the infection process, where immune activation or evasion by the parasite [9] , the physiological condition of the host [10, 11] and the quality of nutrient intake [12 -14] all combine to influence the overall outcome of infection.
In recognition of the series of events that influence the onset and severity of disease, studies of host-parasite interactions have often decomposed infectious disease into estimates of infectivity, parasite growth and host health [15] . Such broad estimates, however, obscure aspects of the multistep infection process, such as the dependence of disease-related traits on events that occur earlier in the infection process [16] and the potential for host genotypes, parasites genotypes and the environment to interact at each underlying step [17] . Variation in infection rates, for example, will depend not only on the effectiveness of the host immune system in preventing parasite colonization, but also on the initial ability of the parasite to encounter and penetrate the host [18, 19] . Likewise, subsequent estimates of host mortality or parasite spore loads represent the endpoint of a series of processes, including immune activation and host exploitation [9] , each of which is unlikely to be influenced by host genotypes, parasite genotypes and the environment in identical ways.
Instead, by isolating individual steps of the infection process and then dissecting the genetic and environmental basis to disease-related traits, new insights can be generated into the dynamic nature of the within-host infection process. In biomedical studies, for example, variation in the ability of a parasite to encounter and penetrate a host is often circumvented artificially by injecting animals with pathogens of interest. While this has led to a greater understanding of immune function and defence capabilities at the molecular level (e.g. the Drosophila melanogaster immune reactions, reviewed in [20] ), such an approach may inadvertently produce a distorted picture of within-host dynamics. By circumventing the natural route of infection, parasite doses may be unrealistic, the initial encounter of the parasite with the host immune system may occur incorrectly (e.g. injection into the wrong tissue) and naturally incompatible host and parasite genotypes may be combined. Studies of naturally occurring infections, by contrast, often rely on the use of parasite samples collected from infected hosts (known as isolates) to generate compatible host-parasite combinations. While the use of isolates mimics natural infections to some degree, the potential presence of multiple parasite genotypes within the host can significantly distort the expression of virulence [21, 22] .
In this study, we use the water flea Daphnia magna and its bacterial parasite, Pasteuria ramosa, to highlight the importance of the multi-step infection process for understanding the genetic and environmental basis to infectious disease. Although the influence of the environmental [23, 24] , genotype-by-environment [25, 26] and genotype-by-genotype [3, 27] interactions has been studied extensively in this system, insights from the stepwise infection process have only recently been incorporated. The recent development of P. ramosa clones, for example, has revealed that parasite susceptibility is highly specific [28] and only certain host-parasite genotype combinations are compatible [29] . Underlying this specificity is the attachment of the spores to the oesophagus of compatible host genotypes, a mechanism that is surprisingly unaffected by environmental variation [19] . Revaluating previous studies, therefore, it is clear that multiple processes are contributing to the onset and severity of disease, from the ability of a parasite to attach to the host oesophagus, to the effectiveness of the host in clearing the parasite and any interactions between different parasite genotypes within the host. Moreover, the environment appears to be able to influence only a subset of these processes, beginning presumably with the penetration of the parasite into the host.
By using compatible host-parasite combinations and manipulating food levels experienced by the mothers of focal Daphnia, our goal was to explore the sources of genetic and environmental variation acting during disease expression. The maternal manipulation is particularly relevant for perturbing the Daphnia -Pasteuria system, as food-stressed mothers have been shown to produce more resistant offspring [23, 24] . With this approach, we were able to separate variation in the ability of a parasite to encounter and penetrate a host, from the post-penetration processes (within-host phase) that influence the ability of a parasite to colonize and proliferate within the host. We then measured the probability of a host becoming infected and estimated both parasite (spore load) and host fitness (offspring production and survival) at two time points after the parasite had entered the host: (i) in the middle of the within-host phase of infection as estimated at 28 days post exposure to the parasite, and (ii) at the terminal stage of infection as estimated at host death, approximately 50 -60 days post exposure. In doing so, we aimed to find evidence for the ability of Daphnia to resist infectious disease; to explore the role of the maternal environment in the within-host process of infection; and to characterize the consistency of genotype and environmental interactions during the within-host infection process.
MATERIAL AND METHODS
(a) The study system The host, D. magna, is a freshwater crustacean that reproduces via cyclical parthenogenesis and is host to a range of bacterial, fungal and microsporidial parasites [30] . The parasite, P. ramosa, is an endospore-forming bacteria of Daphnia, which causes a severe loss of host fitness via castration and reduced survival [31] . After infection, the parasite grows within the host, filling the body cavity with several million endospores and giving an infected host a distinctive reddish-brown coloration. Transmission occurs horizontally with the spores released from the decaying cadaver of a formerly infected host [32] .
For this experiment, all hosts were derived from two D. magna clones: HO2, which originates from Hungary; and M10, which originates from Belgium. The P. ramosa material was based on two clones: C1, derived via limited dilution from an isolate (P5) originating from Moscow, Russia; and C19, derived via single-spore infection from an isolate (P1) originating from North Germany. These geographical diverse combinations of host and parasite clones were chosen for two reasons. First, the two host clones and the two parasite clones are perfectly compatible with each other, which is necessary to exclude variation in the early infection steps. Second, we know that C1 and C19 are genetically distinct as they have different patterns of infection across a range of host clones [28] . While the use of such material cannot generate insights into the co-evolutionary processes occurring within populations, our goal was to increase our ability to dissect the genetic and environmental basis of the within-host infection process.
(b) Maternal environment manipulation
We manipulated the maternal environment using food stress following the process outlined in Ben-Ami et al. [24] . We began with 4-day-old Daphnia placed individually in a 100 ml jar filled with 20 ml of artificial medium [33] . On day 5, the high food treatment received 1 Â 10 6 algae cells of Scenedesmus gracilis per Daphnia per day, which was increased to 2 Â 10 6 , 2.5 Â 10 6 , 3 Â 10 6 and 8 Â 10 6 algal cells per animal per day on days 6, 9, 11 and 13, respectively. For the low food treatment, food levels were initially 0.5 Â 10 6 cells per animal per day on day 5, and increased to 1 Â 10 6 and 2 Â 10 6 cells per animal per day on days 11 and 13, respectively. The artificial medium was replaced weekly beginning on day 12 with 100 ml of fresh medium. The influence of the maternal environment was consistent for both Daphnia clones, as the offspring of low-food mothers produced approximately 10 fewer offspring over this period for both the M10 (low: 102.56 + 2.11; high: 117.61 + 3.94) and HO2 clones (low: 73.50 + 1.77; high: 79.71 + 2.32).
(c) Experimental trials
We used a factorial experimental design where two parasite clones (C1 and C19) were exposed to two host clones (HO2 and M10), each under two different maternal environmental (high food and low food). For each of the eight host -parasiteenvironment combinations, 28 individuals were allocated to be sampled 28 days after parasite exposure and 28 individuals to be sampled on the day of death. An additional 28 individuals were allocated to the parasite-free control group for each combination of host genotype and maternal environment (resulting in 560 individuals in total). Animals were collected daily from the food-manipulated mothers and placed individually in 100 ml jars filled with 20 ml of medium on day 4. On day 5, animals received either 10 000 spores of the appropriate exposure group (C1 or C19) or the equivalent volume of a control, uninfected Daphnia suspension.
We replaced the medium with 100 ml of fresh medium one week later (day 12). Food levels followed the same feeding schedule as for the high food treatment of the mothers outlined above. All individuals were maintained within a single climate-controlled incubator (16 L : 8 D, 208C + 0.58C) where the position within the incubator was regularly shuffled to reduce positional effects.
After this initial period, we moved individuals to new jars with fresh medium every 3 days and counted the number of offspring produced. Individuals were monitored daily, with deaths recorded and the Daphnia individually frozen (2208C) for the assessment of infection status and spore production. Animals that died during the experiment before day 16 were excluded from all subsequent analyses as infection cannot be determined before this date. The numbers of mature P. ramosa spores were estimated by crushing the cadavers and counting two independent samples of this suspension in a counting chamber (Neubauer improved). Based on this design we could estimate three sets of informative traits: (i) the ability of the parasite to establish and proliferate within the host (based on the prevalence of disease); (ii) the genetic and environment basis to the growth of the parasite and the reduction in host fecundity at 28 days post exposure to the parasite; and (iii) the terminal characteristics of the infection based on estimates of host and parasite fitness at host death.
(d) Data analysis
We assessed the effects of parasite genotype, host genotype and the maternal environment on the characteristics of infectious disease using three-factor analysis of variance. The prevalence of disease was analysed using a generalized linear model with a binomial error distribution, with individuals included from both sampling points (28 days post infection and host death). All other traits were analysed using a least-squares linear model. However, for the characteristics of the early phase of infection, only individuals that survived until day 28 post parasite exposure were included in the analysis. The appropriate sample sizes for each treatment group are labelled accordingly on the figures. Before analysis we transformed lifetime offspring production using natural logarithms as the data were positively skewed, although the figures here are presented on the original scale to facilitate a comparison with the number of offspring produced before castration. All analyses were conducted in JMP (v. 9: SAS Institute Inc, NC, USA).
RESULTS (a)
The ability of a parasite to establish within a host To characterize the ability of the parasite to initially establish within the host, we estimated the proportion of infected animals in each group. Based on visible signs of infection, we found that the ability of the parasites to establish within the host was influenced by the parasite genotype, the host genotype and an interaction between host genotype and the maternal environment (table 1 and figure 1a). The prevalence of disease was higher for individuals infected with the C19 parasite clone than the C1 parasite clone (figure 1b), while the low maternal food stress environment resulted in a decrease in the probability of disease for the HO2 Daphnia clone, but the reverse pattern was observed for the M10 Daphnia clone (figure 1c). These data indicate that following the penetration of P. ramosa into the host, components of the parasite genotype, host genotype and the environment all influence how likely it is that the parasite escapes being cleared by the host.
(b) Characteristics of disease at 28 days after parasite exposure We measured the production of offspring and parasite spore loads at 28 days after parasite exposure in order to characterize the proliferation of the host once infection was successful. Interactions between parasite genotypes, host genotypes and maternal environment were all involved in aspects of disease at this stage. Host genotype, maternal environment and a parasite genotype by maternal environment interaction had a significant effect on the ability of the parasite to castrate the host (table 1 and figure 2a) . Host fecundity was lowest for the H02 Daphnia clones in general, while the difference between low-and high-food maternal environments was greater for the C1 parasite clone than for the C19 parasite clone. In contrast to the patterns of fecundity, the number of parasite spores after 28 days depended on the interaction between host and parasite genotypes, but not on the influence of the maternal environment ( table 1 and figure 2b ). For the C19 parasite genotype, the increase in the number of spores clearly depends on the genotype of the infected host, while there was no difference in the increase in spore numbers between the different hosts for the C1 parasite. 
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To characterize the genetic and environmental basis to the terminal phase of infection, we monitored infected individuals throughout and measured host survival, lifetime offspring production and final spore counts at host death. We found no significant treatment effects on the survival of Daphnia after infection (table 2; figure not shown). On average, all infected individuals survived for approximately 50 days after being exposed to the parasite (52.23 + 0.58). This represents a substantial decrease from the survival expected for control individuals, who survived on average 108 days. For the overall severity of disease, however, the lifetime production of offspring by an infected individual was dependent on the host and parasite genotypes, the maternal environment and a marginal interaction between host genotype and maternal environment (table 2). The dominant feature of the treatment effects ( figure 3a) is that the overall severity of disease is much less for Daphnia infected by the C19 parasite, irrespective of host genotype and maternal environment.
This pattern appears to be driven by the ability of the C19-infected Daphnia to produce eggs late after infection (after 28 days), as the proportion of individuals producing at least one clutch after this time was highest for C19 (74 of 106 individuals), whereas almost no individuals infected with C1 were able to reproduce again (only 3 of 94 individuals). Otherwise, the differences between the Daphnia appears to remain consistent between the initial proliferation of the parasite within the host (figure 2a) versus the terminal phases of infection at host death (figure 3a), with M10 clones producing more offspring in both cases. In comparison, we found that the number of spores produced when a host dies depended on the parasite genotype, host genotype and the maternal environment (table 2 and figure 3b ). There were no significant interactions among these factors. Parasite spore loads were, on average, highest for infections involving the C1 parasite clone, the H02 Daphnia clone and Daphnia whose mothers had experienced the low-food environment.
DISCUSSION
In this study, we build on recent advances in our understanding of the infection process in D. magna and its parasite P. ramosa, to dissect the influence of genetic and environmental factors on the outcome of bacterial infection. Our results reveal how host genotype, parasite genotype and the maternal environment were all involved in the ability of the parasite to colonize the host, the associated reduction in host fecundity and the proliferation of the parasite within the host. While similar influences of genotype and environmental factors on patterns of disease has been examined previously in the Daphnia -Pasteuria system [3,25 -27] , our findings are based on the use of single-genotype parasite clones and compatible host-parasite combinations. By separating the ability of a parasite to encounter and penetrate a host, from the post-penetration processes that influence the ability of a parasite to colonize and proliferate within the host, our findings generate new insights into the process by which hosts fight infection and the role that the environment has in shaping infectious disease.
(a) Evidence for the effectiveness of the within-host defence cascade First, we show that even when the parasite is certain to naturally penetrate the host, the host can still completely recover from infection. For many studies of host-parasite interactions, such results should not be surprising. However, the ability of Daphnia to clear the parasite has recently been questioned, as it is now known that the infection process begins with specific parasite clones being able to attach to and penetrate the oesophagus of compatible host genotypes [19, 28] . By using compatible host-parasite combinations and experimentally removing variation in this highly specific step, we confirm that the subsequent, within-host phase can also contribute significantly to resistance. It remains unclear whether this within-host resistance is related to the ability of the Daphnia immune system to aid in parasite clearance, as physiological studies of the phenoloxidase cascade, cellular response and nitric oxide pathways have not conclusively related constituent levels of immune activity to patterns of disease resistance [34] [35] [36] . Nonetheless, our results, in combination with those of Duneau et al. [19] , reinforce how resistance for P. ramosa appears to have two distinct components: one based on host-parasite compatibility for the attachment of the parasite spores to the host oesophagus; and the other based on the ability of the withinhost immune response or physiology to prevent the parasite from establishing. Our findings also highlight how recognition of these two distinct components of resistance is essential for understanding the role of the environment in shaping infectious disease. The attachment and penetration of P. ramosa via the host oesophagus, for example, has previously been shown to depend on strong genetic interactions between hosts and parasites, but not on a range of environmental factors (e.g. food level, temperature and crowding [19] ). By contrast, our findings show how food stress and the maternal environment influences multiple aspects of the subsequent within-host infection process, from the ability of the host to clear the infection (figure 1), through to the production of parasite spores and the reduction of host fecundity (figures 2 and 3). Similar conclusions have been made in plant-pathogen systems, where pathogen infectivity and host resistance (presumably under the control of major effect genes) have been shown to remain stable over a range of environmental conditions [37] . In general, however, the role of the environment in shaping the development of disease within compatible host-parasite combinations, and thus potentially overriding patterns of resistance, remains underexplored in animals.
(b) Food stress, the maternal environment and infectious disease Second, while the influence of the maternal environment on all measured aspects of the within-host infection process adds to the growing awareness of how important maternal effects can be for the onset and severity of infectious disease [23, 24, 38, 39] , our results also highlight how challenging it can be to predict the impact of the maternal environment. Based on previous studies [23, 24] , our prediction was that the low-food maternal environment would enhance the ability of offspring to avoid disease. By contrast, our results indicate that the influence of maternal environment on the resistance to P. ramosa was specific to the genotype of the host (G H Â E; figure 1c). The maternal environment also modified the ability of a parasite genotype to reduce host fecundity within the first month after parasite exposure (G P Â E; figure 2a). The genotype-specific impact of the maternal environment (G Â E), together with the rapid fluctuation in food quantity that commonly occurs in freshwater ponds or lakes, suggests that food-related maternal stress may play an important role in maintaining variation in natural Daphnia populations [15, 40] .
In combination with the study of Stjernman & Little [41] , we can further identify the specific component of the infection process which will be affected. In both studies, only genotype-by-environment interactions describing the ability of the parasite to establish in the host (and hence evidence for parasite clearance) resulted in a change in the rank order of host genotypes (e.g. crossing reaction norms; figure 1c) . Furthermore, our findings show how at the time of host death, any maternal effects had equalized between different genotypes, such that the overall severity of disease was greater for the low-food maternal environment (lower fecundity, higher parasite load; figure 3) , irrespective of the host or parasite genotype. These findings suggest that the potential for food stress and the maternal environment to maintain genetic variation is related specifically to parasite susceptibility and the initial ability of the host to prevent the parasite from establishing.
An additional aspect of our experimental design was the ability to assess if the maternal environment could modify the outcome of the interaction between host and parasite genomes (G P Â G H Â E). To date, only a limited number of studies have explored such complex three-way interactions [6, 7, 27] . In Daphnia, evidence for G P Â G H Â E interactions has previously been explored by Vale and Little [27] via temperature manipulation. As with this previous study, we also did not find evidence of a G P Â G H Â E interaction for any of the estimated disease-related traits. Nonetheless, with the ongoing development of new Disentangling the complexity of disease M. D. Hall and D. Ebert 3181 P. ramosa clones and the resulting increase in available genotypes, it is likely that environmental modification of host-parasite genetic interactions will be identified for some component of the infection process. Instead, the challenge will be to identify the underlying physiological mechanisms shaping the interaction between host genomes, parasite genomes and the environment.
(c) The temporal aspect of the within-host infection process Finally, our study highlights how genetic and environmental interactions within the host have a distinct temporal component. Host-parasite interactions almost one month after parasite exposure were characterized by both genotype-by-environment (G Â E) and genotypeby-genotype (G Â G) interactions. Host G H Â E interactions influenced infection rates (figure 1c), parasite G P Â E interactions influenced the reduction in host fecundity (figure 2a) and parasite and host G H Â G P interactions were important for the early proliferation of the parasite within the host (figure 2b). By contrast, measures taken at the terminal (lifetime host and parasite reproductive success estimated at host death) stage of the infection process were characterized by the largely independent effects of host genotype, parasite genotype and maternal environment (table 2 and figure 3 ). Contributing to these differences may be an unrecognized aspect of P. ramosa biology, where individuals infected with certain parasite genotypes (only C19) were able to produce a limited number of clutches again late in life. These late reproducing hosts, however, did not clear the infection, but only temporarily produced more offspring, remaining infected until they died.
Nonetheless, we believe that the absence of strong genetic and environmental interactions late in the infection process may be a common feature of host-parasite interactions. In studies of D. magna and P. ramosa, for example, complex genotype and environmental interactions (G Â G and G Â E) may be readily expected soon after a host encounters the parasite, owing to the activation of the host immune system [34, 36, 42, 43] , and the gradual control of host reproduction and growth [31] . Conversely, at the terminal phase of infection, the lack of strong G Â G and G Â E interactions may instead reflect how lifetime offspring and spore production ultimately depend on how resources were shared between host and parasites [31] . Other invertebrate studies have also suggested that immune activation and the potential parasite clearance can occur in a matter of hours, while the control of host resources by the parasite is a much more gradual process [18] . For many hostparasite studies, however, this dynamic aspect of the within-host infection process site may be overlooked as disease-related traits are often only measured at a single time point following the exposure of the parasite to a host.
CONCLUSION
In summary, by using compatible host-parasite combinations and focusing exclusively on the within-host infection process, we have demonstrated how different mechanisms of resistance can combine in the fight against infectious disease (for a review on this topic see [44] ). Contrasting the resistance based on host-parasite genetic compatibility versus the within-host defence cascade, we show how the maternal environment is involved in all measurable aspects underlying the severity of disease. Reaffirming the importance of the dynamic nature of interactions occurring within the host, however, we suggest that the role of the maternal environment in maintaining genetic variation in disease traits may diminish as the within-host infection process progresses. Extending this work to focus on the direct effects of food stress on the parasite in subsequent infection events would complement our current findings and provide a complete transgenerational understanding of infection for P. ramosa.
